Background. Rodents are the primary animal model of corticospinal injury and repair, yet current behavioral tests do not show the large deficits after injury observed in humans. Forearm supination is critical for hand function and is highly impaired by corticospinal injury in both humans and rats. Current tests of rodent forelimb function do not measure this movement. Objective. To determine if quantification of forelimb supination in rats reveals large-scale functional loss and partial recovery after corticospinal injury. Methods. We developed a knob supination device that quantifies supination using automated and objective methods. Rats in a reaching box have to grasp and turn a knob in supination in order to receive a food reward. Performance on this task and the single pellet reaching task were measured before and after 2 manipulations of the pyramidal tract: a cut lesion of 1 pyramid and inactivation of motor cortex using 2 different drug doses. Results. A cut lesion of the corticospinal tract produced a large deficit in supination. In contrast, there was no change in pellet retrieval success. Supination function recovered partially over 6 weeks after injury, and a large deficit remained. Motor cortex inactivation produced a dose-dependent loss of knob supination; the effect on pellet reaching was more subtle. Conclusions. The knob supination task reveals in rodents 3 signature hand function changes observed in humans with corticospinal injury: (1) largescale loss with injury, (2) partial recovery in the weeks after injury, and (3) loss proportional to degree of dysfunction.
Introduction
Humans rely heavily on the corticospinal tract (CST) for skilled arm and hand movements, 1, 2 and injury to the CST is largely responsible for impairments following brain and spinal cord injury. [2] [3] [4] [5] Rodents are commonly used to model CST injury because they are relatively dexterous, and they balance the cost and ethical considerations for injury and repair research. However, current tests of rat motor function are insensitive to CST injuries. 6 This is partly because rats rely less strongly on the CST and more strongly on brain stem descending systems 7 to perform skilled tasks compared to humans. 2 Furthermore, the deficits produced by CST injury may not be detected by current behavioral tests because they do not directly measure movements that are most impaired. We hypothesized that quantifying supination, the ability to rotate the hand from palm down to palm up, would allow detection of deficits in skilled forelimb movements after CST injury.
Supination is an important hand function that relies on the CST. Among arm and hand impairments caused by CST injury, loss of hand supination is among the most severe and disabling. 8 Supination is critical for people's daily functions such as unlocking or opening doors. But more important, supination brings the hand into a position for manipulation. This likely explains why out of all individual arm and hand movements impaired by injury, supination loss most strongly predicts loss of hand function. [9] [10] [11] Clinically, testing for "pronator drift," evidence of supination loss, is a sensitive and specific sign or CST injury. 12 Finally, supination is selectively impaired in rats as well. Previous studies in our laboratory 13, 14 and others 15, 16 demonstrate that CST injury results in a greater loss of forelimb supination compared to other forelimb movements.
Current tests of rat forelimb supination are either qualitative or impractical. The single pellet reaching task, a standard forelimb task in rats, measures retrieval rate quantitatively and the quality of movement elements of reach qualitatively. While CST injury does not impair pellet retrieval, 17 supination is qualitatively impaired. 15, 18 Furthermore, given the labor-intensive and subjective nature of the single pellet reaching task has made researchers hesitant to adopt this technique widely. 19 Similarly, we have also quantified the large loss of supination after lesion of the pyramidal tract. 14 However, we had to measure paw angle from video recording using frame-by-frame measurement, which is both labor-intensive and subjective.
To test the hypothesis that supination loss is a good measure of CST function in rats, we compared performance of the single pellet reaching task and a novel knob supination task. We tested rats before and after cutting the pyramid at the level of the medulla (called pyramidotomy), which interrupts both the direct corticospinal projections and the projections to the lower medulla, including reticular formation. We found that following such lesion, supination was more impaired than other reaching movements. We followed the performance of the rats for 6 weeks after injury and found that animals showed partial recovery of supination function, similar to human motor recovery after CST injury. We also inactivated motor cortex using different concentrations of the GABA A -agonist muscimol. This pharmacological approach allows us to test the effects of different doses, corresponding to increased loss of motor cortex function. We found that inactivation caused a dose-dependent loss of supination that outstripped the loss of other components of reach. In both models-injury and inactivation-the knob supination task was highly sensitive to loss of function of the pyramidal tract and motor cortex. Thus, measuring supination in rats with the knob supination task allows interrogation of CST function and recovery that has not been possible with current behavior tests.
Methods

Overview
A timeline of the experimental protocol is shown in Figure 1A . Rats were trained and tested on the knob supination task and the single pellet reaching task ( Figure 1A ). After the rats reached criterion performance on each task, CST function was perturbed with one or both interventions. To test the sensitivity of the tests to the degree of Anterior-posterior position of the cannula is 1.5 mm anterior to bregma (shown as "b") and mediolateral position was 2.5 mm lateral. The cannula consisted of an outer guide cannula positioned at the pia surface through which an internal cannula was placed during inactivation 1.5 mm deep to the pia to target layer 5 of motor cortex. (C) The CST was lesioned by cutting the left pyramid (X). The ventral brainstem, top, shows a lesion of the left pyramid (arrow). A cross section through the injury site, middle, confirmed the complete lesion of the left pyramid (interrupted line). In select cases, lesion was confirmed by PKC gamma immunohistochemistry of the cervical spinal cord, bottom.
motor cortex inactivation, we infused 2 different doses of the GABA A agonist muscimol into the forelimb area of motor cortex ( Figure 1B) . To test dependence of the task on the pyramidal tract, the tract was lesioned at the medulla ( Figure 1C ). Performance of each task was measured before pyramidotomy and each week after for 6 weeks.
Subjects
Experiments were conducted on adult female Sprague Dawley rats (250-300 g) because female rats are known to be better at task acquisition and hence require less time to train to criterion. 20 We trained 14 animals for this study, out of which 6 were trained in the knob task only, 4 were trained in the pellet reaching task only, and the remaining 4 were trained on both tasks. We chose to train fewer animals on the pellet reaching task compared to the knob task since there are several previous studies on the pellet reaching task. [21] [22] [23] The distributions of animals in the pyramidotomy and inactivation experiments are shown in the legends of the pertinent figures. Each animal is identified with individual symbols in the figures for further clarification. The timeline ( Figure 1A) is for rats trained and tested on both tasks. The rats were housed in standard conditions with reversed 12 hour dark-12 hour light cycle; all training and testing was performed during the dark cycle with lights kept as low as possible. Animals were initially food restricted to a maximum 85% of their normal body weight. After the initial restriction, body weight was maintained to grow along their normal weight curve. All housing and procedures were approved by the Institute Animal Care and Use Committee at Weill Cornell Medical College.
The Knob Supination Task: Apparatus
We designed the knob supination task to specifically measure forelimb supination in rodents. Rats are placed into a reaching box, and the target of the reach is a knob that must be grasped and turned in supination ( Figure 2A ). The turn angle is measured with a rotary encoder (one fourth of degree resolution) that is attached to a knob. The attached computer running custom software captures turn angle at 100 Hz and sets the reward parameters ( Figure 2B ). If a rat turns the knob beyond a user-defined threshold, the computer instantaneously provides an audio-feedback with attached speaker and simultaneously triggers the feeder to dispense a pellet (45 mg; Bio-Serv, Flemington, NJ). Thus, the system immediately rewards the rat for performing supination. The automated nature of the task facilitates training and testing, while the continuous measurement of performance allows quantification of the number of trials and the kinetics of each turn. The software interface is shown in Figure 2B , and the traces from 207 trials during a 30-minute session is shown in Figure 2C . Figure 2D demonstrates a typical turn sequence, which is also shown in Supplemental Video 1. The rat is placed in a reaching box with an aperture through which it reaches to a knob that must be turned in supination. The knob is attached to a rotary encoder that measures the angle with an accuracy of one fourth of a degree. An attached computer running custom software records the knob angle at 100 Hz. If the knob is turned beyond a userdefined threshold, the computer triggers audio-feedback and a pellet dispenser to drop a food pellet reward. A counter weight (6 g) provides a torque that opposes supination and prevents turning by swiping the knob. (B) The software user interface shows the different parameters that can be customized. A single supination trial captured by the device is also shown. (C) Turn profiles of all of the trials from a single 30-minute session. Each trace represents the knob angle (y-axis) over time (x-axis). (D) A rat performing the task. (D1) A rat reaches toward the knob, and (D2) grasps it with a precision grip before, (D3) turning it in supination.
To ensure the rats use forelimb supination to turn the knob, we constrained the task to prevent alternative strategies. We chose a size and smoothness that require the rat to grasp the knob with the paw rather than use its claws. We added 3 other constraints: (1) a stop on the knob so that it cannot be pronated, (2) counter-torque to the knob to prevent turning by swiping, and (3) a high bottom lip of the aperture to prevent rats from turning the knob by lowering their elbow. The dimensions of the box are shown in Supplemental Figure S1 .
The Knob Supination Task: Training
Ten rats were trained twice a day for 30 minutes each session. During the initial phase of training, the knob manipulandum is placed 0.5″ inside the cage wall without any counter weight. After approximately 1 week of highly supervised training, animals began to turn the knob independently. The knob was retracted to a final location of 0.5″ outside the inner cage wall in 0.25″ increments, and counter weight was added progressively up to 6 grams. After 2 to 3 weeks of training, automated adaptive training software was used to train and reward the animals. Unlike previous automated tasks that use stages, 24 the adaptive algorithm uses the median turn angle of the previous 10 trials as threshold for the next trial, so long as it is >90% of the previous threshold. This stage of training was largely unsupervised, with one experimenter able to monitor 4 cages simultaneously. Animals were trained to a final criterion of 75° of supination. The threshold was set to 75° and testing continued until animals achieved 75% success rate or greater across 4 consecutive sessions. The average training period was 11 ± 1.1 weeks per animal.
The Knob Supination Task: Analysis
All analysis was automated, using custom MATLAB scripts, which allowed performance to be analyzed with a few commands. The main outcome measure was the percentage of turns that reached 75° of supination, which is the reward criterion. Average turn angle, latency to achieve the peak angle, and peak angular velocity of the turn were secondary outcome measures.
The Single Pellet Reaching Task: Behavior Training and Analysis
Eight rats were trained on the standard pellet reaching task, using previously published protocols. 25 We ended training after each animal's success rate reached a plateau for a week; the average training period was 4.3 ± 0.8 weeks per animal. During each testing session, animals attempted to reach and retrieve 10 warm-up pellets before attempting to reach and retrieve 20 pellets for scoring (45 mg chocolateflavored grain pellets; Bio-Serv, Flemington, NJ).
The person analyzing the video recordings was different from the person administering the test, and analysis was blinded to the condition. The experimenter administering the test was not blinded to the conditions, but we avoided any bias during training and testing by not baiting the animals until they went all the way to the back of the cage regardless of the animal's group identity. The primary outcome measure, success rate, is calculated as retrievals/20 attempts × 100. Quality of movement was scored as "1" if normal, "0.5" if impaired, and "0" if absent for each of 10 component movements 25 : (1) Limb Lift, (2) Digits Close, (3) Aim, (4) Advance, (5) Digits Open, (6) Pronation, (7) Grasp, (8) Supination I, (9) Supination II, (10) Release. Out of these 10 movements, supination I and supination II were categorized as the supination components (Figure 3 ), and the rest of the reaching movements were categorized as "other" components. 
Corticospinal Injury and Validation
We performed a cut lesion of the pyramid at the level of the medulla, as in our prior studies. 13, 14, [26] [27] [28] Histology to confirm the pyramidotomy was complete was performed as in our previous studies. 13, 26, 29 The lesion site in the medulla ( Figure 1C , top inset, arrow) and the cervical spinal cord were cryosectioned at 40 µm. The lesion was examined under dark field microscopy ( Figure 1C , middle inset). Any pyramidal sections that appeared ambiguous under dark field microscopy were verified for lesion completeness by immunohistochemical technique using the PKC-λ staining of the cervical spinal cord as shown 29 (Figure 1C , bottom inset).
Pharmacological Inactivation
We inactivated the caudal forelimb area of motor cortex by infusing muscimol (Sigma-Aldrich, Cat # M1523-5MG), a GABA A agonist, at 2 different concentrations. A cannula was implanted 1.5 mm anterior and 2.5 mm lateral to bregma ( Figure 1B, inset) . In our published work, we found 1 µL of 0.1 µg/µL in saline produced impairment in walking similar to cutting the CST. 29 After 0.1 µg/µL, rats were neither able to reach and grasp nor supinate. Hence, we performed inactivations at 0.05 µg/µL (high-dose) and 0.025 µg/µL (low-dose). Both the knob task and the single pellet reaching task were performed 1 hour following drug infusion, as we have done previously.
Statistical Analysis
Data were analyzed with SPSS (Version 22, Chicago, IL). All figures show mean ± standard error. Data were tested for normality by the Shapiro-Wilk test. Performance of the knob task and the pellet reaching task before and after pyramidotomy was compared using related-samples Friedman's one-way ANOVA, and post hoc tests were compared using Mann-Whitney U test with Bonferroni corrections, since the data were not normally distributed. The data from inactivation experiments was normally distributed, so one-way ANOVA with Bonferroni correction for multiple comparisons was used. All the data reported as mean ± SE. Significance for single comparison was set at P < .05. For multiple comparisons, the significance level was corrected using the Bonferroni method, dividing by the number of comparisons. Thus, for 3 comparisons, the P value significance level is less than .05/3 = .0167.
Results
We tested the hypothesis that quantification of supination with the knob task would be a sensitive measure of pyramidal tract function. We compared performance on the pellet reaching and the knob supination tasks after 2 perturbations of the pyramidal tract: a cut lesion of the medullary pyramid and inactivation of motor cortex. All lesions of the pyramid were complete without intrusion into the underlying medulla ( Figure 1C ). The main outcome measure for each task was success rate. In addition, we described the quality of movement for pellet reaching and measured the kinetics of knob supination.
The Pellet Reaching Task Is Not Sensitive to Pyramidal Tract Injury
We compared performance of the single pellet reaching task before and after pyramidotomy (Figure 4 ). Reaching success was the main outcome measure ( Figure 4A1 ). After training, rats (n = 5) had an average success rate of 55.4 ± 11.1%. The success rates before and after the injury did not show significant changes for any of the 6 weeks post injury ( Figure 4A1 ), χ 2 (6) = 2.3, P = .9.
Next, we examined the effects of pyramidotomy on supination, which comprises 2 of the 10 component movements of the single pellet reaching task (Figure 3 ). Supination was significantly impaired by injury ( Figure 4A2 ), χ 2 (6) = 17.8, P = .007. Supination recovered to varying degrees following pyramidotomy; post hoc comparisons, however, did not show significant differences for any of the time points. A combined analysis of the 8 other components of the reaching movements did not show significant changes after pyramidotomy ( Figure 4A3 ), χ 2 (6) = 11.9, P = .07. Detailed analyses of each of the 10 movements are shown in Supplemental Figure S1 .
The Knob Supination Task Is Sensitive to Pyramidal Tract Injury
Pyramidotomy caused a large decline in knob supination performance. The success of this task is quantified by the percentage of turns that reached the criterion 75° turn angle. After training, rats (n = 8) achieved a success rate of 90.3 ± 2.1% ( Figure 4B1 ). Injury strongly and persistently impaired supination ( Figure 4B1 ), χ 2 (6) = 27.6, P < .001. Following injury, the success rate fell to 14.1 ± 7.8% in the first week postinjury. In the following weeks, the success rate gradually improved to 34.3 ± 11.5% by the sixth week after injury. However, this recovery was still 61.9% less than the pre-injury success rate. Two animals in this task were trained and tested on both the pellet and the knob tasks (symbols triangle and diamond). The success rate declined more with the knob task than the pellet reaching task.
Pyramidotomy also produced large-scale loss of secondary outcomes, turn angle, and peak velocity. Mean turn angle quantifies the degrees of supination achieved with 75° as the criterion for reward. Pyramidotomy produced a large and significant loss of mean turn angle ( Figure 4B2 ), χ 2 (6) = 27.4, P < .001. Turn angle before injury was 84.8 ± 2.9°, which dropped to 38.2 ± 10.1° in the first week following injury, a decrease of 55.0%. The turn angle partially recovered up to 51.5 ± 9.2° by the sixth week after injury. Like turn angle, the peak velocity during the knob turn also decreased significantly following pyramidotomy ( Figure 4B3 ), χ 2 (6) = 20.7, P < .01. Peak velocity of the knob turning from 365.4 ± 34.5°/s pre-pyramidotomy to 143.5 ± 41.6°/s 1 week after the pyramidotomy, a decrease of 60.7%. Similar to the success rate and the turn angle data, velocity of the knob turning also showed partial recovery with time. However, the recovery at the sixth week postinjury was still only 193.6 ± 27.4°/s, 47.1% below the pre-injury velocity; post hoc tests indicated that these differences were significant. These performance measures-success rate, mean turn angle, and peak velocity-distinguish rats before and after injury for the majority of individuals and for the group. However, 2 rats had postinjury performance that was not very different from baseline at one or more points ( Figure  4B1 , square and diamond symbols). We used knob turn kinetics to help determine whether their performance after injury constituted recovery of pre-injury performance. The kinetic data for rat 1 (Figure 4B1 , square) are shown in Figure 5 , panels A, B, and C (black). Turn profiles from before pyramidotomy and each week after are shown in Figure 5A . In these graphs, each trace represents an individual knob supination attempt; the turn angle (y-axis) and latency to the peak (x-axis) are quantified using box-andwhisker plots. Rat 1 shows a large decline in performance with pyramidotomy followed by gradual recovery of supination function. The medians of the turn profiles for each week for rat 1 are shown in Figure 5B . Finally, the peak velocities are shown in Figure 5C . By each of these measures, supination performance was severely diminished, but fully recovered by 5 weeks after injury, even though the pyramidotomy was complete (data not shown). The data for rat 2 (Figure 4B1 , diamond) are shown in Figsure 5A′, 5B′, and 5C′ (blue). This rat had a small but significant loss of success rate, turn angle, and velocity with pyramidotomy. Turns after injury achieved a lower angle and took longer to achieve the peak angle, creating an outsized decline in velocity. In addition, each of these measures was more variable than before injury.
Motor Cortex Inactivation in the Single Pellet Reaching Task
We tested whether pharmacological inactivation of motor cortex at 2 different doses caused proportionate changes in forelimb function. In dose-finding studies, we found that . Pyramidotomy impairs supination. Ability to supinate following pyramidotomy in (A) the pellet reaching task (n = 5) and (B) the knob task (n = 8). (A1) In the pellet reaching task, success rate did not change with pyramidotomy. (A2) The quality of movement scores of the reaching movements associated with supination and the "other" movements showed significant difference after injury. (B1) In the knob task, the success rate is significantly reduced for each week after CST injury and it also partially recovered during the postinjury stages. (B2) Turn angle was also significantly reduced in the knob task compared to preinjury during all weeks postinjury and this parameter also showed partial recovery in the last 3 weeks. (B3). Peak velocity was also significantly reduced after injury in the first 3 weeks and the function partial recovered in the following 2 weeks. However, the differences were still significant at the sixth week after injury. Two animals were crossover animals between the 2 tasks (symbols up arrowhead and diamond). **P < .01 by related samples Friedman's one-way ANOVA comparing pre-and postinjury performance.
the dose we previously used 29 (0.1 µg in 1 µL of saline) caused complete inability to supinate the knob (data not shown), so we decreased the dose to 0.05 µg/µL (high-dose) and 0.025 µg/µL (low-dose).
Motor cortex inactivation did not significantly decrease pellet reaching success. The animals were 55.3 ± 7.4% successful during baseline testing, which decreased to 41.9 ± 13.5% with low-dose inactivation (n = 5) and 19.4 ± 7.9% with high-dose inactivations (n = 4; Figure 6A1 ). Although we observed larger deficit in success rate with the higher dose of muscimol inactivation, the differences were not statistically significant, F (2,27) = 3.0, P = .09. We analyzed the quality of movement scores of the reaching movements for supination and "other" movements separately, as described above. Supination (ie, supination I and II movements) was diminished with inactivation ( Figure 6A2) , F (2,11) = 6.4, P = .01. The differences between the pre-injury and high-dose inactivation scores were significant (P < .05). In contrast, the quality of movement scores for the "other" forelimb movements during pellet reaching did not change with the low-dose or the high-dose inactivations ( Figure 6A3 ), F (2,11) = 1.8, P = .2. The detailed analyses of all the forelimb reaching movements during inactivation are shown in Supplemental Figure S3 . Thus, the pellet retrieval efficiency and the quality of movement for pellet reaching were not highly sensitive to CST inactivation.
Motor Cortex Inactivation in the Knob Supination Task
In contrast to pellet reaching, pharmacologic inactivation (n = 6) significantly reduced the success rate of knob supination compared to baseline ( Figure 6B1) , F (2,15) = 22.3, P < .001. The success rate in this task was on average 83.8 ± 1.4% before inactivation and it declined to 40.9 ± 13% with low-dose inactivation and 9.8 ± 3.7% with high-dose inactivation. Subsequent post hoc analyses indicated significant differences from baseline success rate with both the low dose (P = .005) and the high dose (P < .001). Three animals were crossover animals between the knob and pellet tasks in this experiment (symbols right-facing triangle, left-facing Figure 5 . Knob kinetics. The turn profiles and kinetics for 2 rats: rat 1 (A) and rat 2 (B). (A) Turn profiles for rat 1 (Figure 4B1 ; square symbol) for each week before and after injury indicated immediate decline of function and near full recovery by sixth week. (B) The median waveforms for each week fare colored differently. (C) Peak velocity for rat 1 showed significant differences in the first 4 weeks only. (A′) Turn profiles for rat 2 ( Figure 4B ; diamond symbol) for each week before and after injury indicated small but persistent decline of function after pyramidotomy. (B′) The median waveforms for each week for rat 2 in different colors. (C′) Changes in the peak velocity for rat 2 showed significant differences for every week after injury.
triangle, and circle). The decrease in success rate for each of these animals after the low-and high-dose inactivations showed similar trends with the rest of the group.
Pharmacologic inactivation also induced dose-dependent changes in the turn angle and velocity during the knob task. Before inactivation, rats supinated an average of 78.2 ± 1.2°. The turn angle decreased to 54.9 ± 8.2° and 32.1 ± 4.8° following low-dose and high-dose inactivations, respectively ( Figure 6B2 ), F (2, 15) = 17.9, P < .001. Finally, the velocity of knob supination was also significantly diminished by muscimol inactivation. The velocity differed significantly between the baseline and the postinactivation testing ( Figure 6B3 ), F (2, 15) = 4.3, P < .05. Thus, the knob supination task demonstrated impairment of the forelimb supination proportionate to the dose of the pharmacologic inactivation of motor cortex.
Discussion
The knob supination task proved sensitive to pyramidal tract injury and motor cortex inactivation in rats. The results mimic 4 features of human CST injury: (1) large-scale loss of function soon after injury, 30, 31 (2) gradual recovery of function in the weeks after injury, 32 (3) persistent hand function impairment after endogenous recovery, 33 and (4) loss of function in proportion to the degree of CST damage. 3 CST injury causes distal impairments, with the hand more affected than the upper arm. 16, 34 Indeed, the pellet reaching movements most perturbed by injury to pyramidal tract injury (Supplemental Figure S2 ) or inactivation (Supplemental Figure S3 ) were pronation, supination, and grasp; proximal movements were hardly affected. The knob supination task involves each of these 3 most impaired movements. The rat must pronate before grasping the knob, otherwise there is not enough range of motion to supinate. Rats often fail to turn well after injury (Supplemental Video 2) or inactivation (Supplemental Videos 3 and 4) because they do not fully pronate first and grab the knob with digits on the side (partly supinated) rather than the top (fully pronated). The rats also perform a precision grip of the knob, which appeared challenging after injury and inactivation (Supplemental Videos 2, 3, and 4). Of course, the rats then have to supinate against a counter-torque. For this aspect, the knob supination task showed alterations both in success rate and turn kinetics ( Figure 5 ).
Most people regain significant function after corticospinal injury, but rodent models often do not capture this Figure 6 . Motor cortex inactivation causes a dose-dependent loss of supination. Task performance during muscimol inactivations in (A) the pellet reaching task (None and Low: n = 5, High: n = 4) and (B) the knob task (n = 6). (A1) Success rate did not show significant changes with muscimol inactivation with the low or the high dose of muscimol. (A2) Quality of movement scores of supination significantly decreased with high dose of muscimol, but (A3) the scores for the other reaching movements showed no changes following inactivation. (B1) Success rate decreased significantly during the knob task in dose-dependent manner following low-dose and highdose motor cortex inactivations. (B2) Supination angle also decreased significantly in dose-dependent manner. (B3). Peak velocity was significantly reduced after high-dose inactivation. Three animals were crossover animals between the 2 tasks (symbols left/right facing triangles and circle). **P < .01 by one-way ANOVA comparing pre-and postinactivation at low dose and high dose.
recovery. This is perhaps because some rodent tasks are less reliant on CST and hence show minimal impairment postinjury, 16 while in other cases, it may be that they remain impaired following injury. 27 For example, the amount of recovery in stroke patients with usual care outstrips the effects of any current therapy. 35 Understanding injuryinduced plasticity and how this process enables functional recovery is a key, but we have previously failed to show spontaneous recovery in rats. 29, 36 A key advantage of recording the data from each trial performed on the knob is the ability to chart change over the course of a long experiment. This allows capture both of spontaneous recovery and recovery due to neural repair or rehabilitation.
For rodents to serve as models of repair, there must be an impairment to fix in the chronic stage of injury. Even though rats recover some supination during the 6 weeks after pyramidotomy, we observed a large residual deficit. This large delta provides the opportunity for CST repair strategies to translate into behavioral recovery. Importantly, the test cannot only answer whether function was recovered, but also whether the function is performed the same as before injury. Indeed, knob turn kinetics help distinguish a partially recovered animal from a fully recovered one ( Figure 5) . Likewise, the test clearly distinguishes performance after low-and high-dose motor cortex inactivation ( Figure 6) .
Currently available rodent studies are less focused on deficits of supination. Tests such as the horizontal ladder walking task or the rearing test not only are less suitably designed to study supination but they also measure metrics that are not relevant to CST function, such as paw placements on the rungs or paw preference. 29, 37 And tasks such as the rotarod test, which is widely used in rodents, quantify behavior such as motor coordination and balance. 38, 39 However, these behaviors are less reliant on the CST.
The design of the knob task offers several features that address the drawbacks in current rodent tasks. First, the task is automated, both in training and in analysis. In other tests, differences in how people train or test the rats is an important source of variability. 40 The adaptive algorithm we have implemented removes the subjective decision about how to advance task difficulty and rewards rats immediately, thereby motivating task learning. Automating the task enabled the training and testing of multiple animals simultaneously. In addition, it has been shown that automating the task allows objective and efficient data analysis 41 compared to current video-based behavioral analysis. Finally, although the knob supination task was created as a measure of CST function, it can also be used to train supination. This could be very helpful in motor rehabilitation, given that task-specific motor skill training itself is known to improve skill reaching in rodents with stroke. 42 Rats consistently perform hundreds of trials a day, matching the intensity of studies that demonstrated traininginduced functional recovery. 43 Even though the knob task incorporates several features beneficial for understanding CST function, there are a few limitations in our approach. First, by constraining forelimb movement to supination, we limit the ability to detect other forelimb movements important for arm and hand function. In addition, while we have established that the task is sensitive to pyramidotomy, we have not tested whether supination is a specific function of the CST. Given that pyramidotomy damages both direct CST connections and cortico-reticulospinal connections, functional loss may be due to both direct and indirect pathways. Also, although supination is an important part of forelimb function in the rats in the laboratory and in wild, reaching to grasp and turn is not a natural movement for them. Perhaps because it is not a natural movement, our supination task requires highly intensive training in order for rats to acquire proficiency. Furthermore, the behavioral improvement observed after pyramidotomy was likely a combination of spontaneous and training-induced recovery. We do not observe any differences between rats that performed each of the 2 behavioral tasks individually and those that performed both tasks. However, the numbers of animals in each group was limited, and there is a possibility of interaction between the training effects of each task. We are addressing the long training time not just by automating the task but also by experimenting with home cage habituation and a less restrictive baseline criterion.
Finally, we hypothesize that testing functions important to people with neurological impairments in rats will help translate promising therapies from the laboratory to the clinic. To further facilitate translation, devices to test supination in people are becoming available, 44, 45 allowing the same outcome measure for both preclinical and clinical trials.
